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ABSTRACT: 
The laser-induced temperature jump method is used to determine the potential 
of maximum entropy (pme) of a Pt(111) single crystal electrode in contact with an 
aqueous solution, in a wide pH range and in the absence of specifically adsorbed 
anions. For this purpose, buffer solutions composed of a mixture of NaF and 
HClO4 are used. The results are compared with those from non-buffered 
perchlorate solutions. The use of the NaF/HF buffer allows extending the pH 
range from 3 to 6, approaching the situation of a neutral pH. Laser experiments 
show that the pme appears located at nearly the same potential position in the 
whole pH range between 3 and 6. This value is around 300 mV vs SHE, in 
agreement with previous works. Moreover, the potential response to the fast 
thermal perturbation at high potentials, above the pme, indicates the presence of 
a slower contribution, resulting in a bipolar, non-monotonous, profile. Such 
behaviour is strongly affected by the presence of fluoride anion and/or 
hydrofluoric acid, thus evidencing a strong structural effect on interfacial water 
from these species. These results bring some light to the understanding of the 
interfacial properties in acid-neutral conditions, and also show the influence of 
different non-specifically adsorbed anions on the interfacial properties that cannot 
be evidenced only by cyclic voltammetry.  
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 1. Introduction: 
The study of the properties of metal aqueous solution interfaces is needed for a 
better understanding of many electrochemical processes. Water is undoubtedly 
the most studied solvent in electrochemistry and plays a capital role in interfacial 
studies. Both the way in which water molecules are structured in the interfacial 
region and the nature of the interaction between them and  with the metal surface 
electrode will have a great influence in the electrocatalysis and reactivity of 
electrochemical systems [1-4]. Particularly interesting is the study of the effect of 
the pH on the properties of the interphase [5-8]. In this regards, solutions with pH 
close to neutrality are of special relevance in a wide range of fields such as 
bioelectrochemistry and biotechnology, in which interfacial phenomena are 
widely present. 
To perform these fundamental studies, platinum electrodes with well-defined 
surfaces are of particular interest, since this metal is one of the most active 
catalysts for many important reactions, in addition of being considered as model 
electrode material. However, the platinum electrode|electrolyte interphase cannot 
be considered as ideally polarizable in a sufficiently wide range of potentials [9, 
10]. Reversible adsorption/desorption processes involving electron transfer take 
place on Pt electrodes and they complicate the study of interfacial properties. As 
a consequence, the determination of the potential of zero charge (pzc), a key 
parameter in the description of electrified interphases, becomes quite 
challenging. In this regards, it has been previously emphasised the necessity of 
distinguishing between total charge (including charge involved in adsorption 
processes) from free charge, the purely interfacial charge. While the latter is the 
one that controls in great extend the electric field at the interphase, its 
determination is not always possible [9]. The use of CO charge displacement 
technique allows the determination of the total charge and the potential of zero 
total charge (pztc) of platinum electrodes [11, 12]. From this knowledge of the 
total charge it is also possible to estimate the potential of zero free charge (pzfc), 
but only in the case of Pt(111). In this case, it is possible to take advantage of the 
fact that, on this electrode, in the absence of specific anion adsorption, hydrogen 
and hydroxyl adsorption regions are separated by what is generally accepted as 
a double layer region. In this region, total and free charges almost coincide within 
experimental error. By extrapolation of the interfacial voltammetric charge in the 
double layer region and taking into account some considerations, the location of 
the pzfc can be estimated [11, 13, 14]. Previous works made in perchlorate acid 
solutions within the pH range between 1 and 3, showed that pzfc of the interface 
Pt(111) | perchlorate solution appears located at almost the same potential 
position in the SHE scale, while most voltammetric features shift 59mV per pH 
unit to more negative potentials [15]. In a more recent work, the use of the buffer 
formed by x M HClO4 and 0.1 M NaF mixtures allowed to extend the pH range 
until pH 5, without any influence of specific anion adsorption [16]. The results 
obtained with those mixtures agree with those obtained in more acidic media 
providing values of pzfc close to 320-330mV vs SHE in all cases. This result 
suggests again the non-pH dependence of the extrapolated pzfc. The pzfc of 
rough platinum electrodes was determined in the past by alternative methods [17, 
18]. One of them is the direct measurement of the change of pH when a high 
surface area electrode is brought into contact with the solution. A nearly 
independent pzfc value was also determined in this case for Na2SO4 solutions 
with pH ranging from 3 to 6. Values of pzfc of rough platinum electrodes in 
different electrolyte solutions are summarised in [17] 
An alternative approach to estimate the pzfc of Metal | solution interfaces is the 
use of the laser induced temperature jump technique [19, 20]. By using short 
laser pulses (5ns), the temperature of the interface can be suddenly raised, 
resulting in a displacement of the potential of the electrode under coulostatic 
conditions [21, 22]. The potential difference at the interphase has contributions 
from the work function of the metal, including the spillover of the electrons, and 
the dipolar contribution of the network of solvent molecules. The latter is the most 
influenced by the thermal perturbation while the effect of the temperature on the 
other contributions is, in comparison, nearly negligible [23, 24]. Hence, the 
response of the interface to the sudden temperature change is mainly dominated 
by the reorganization of the network of water molecules close to the surface after 
the laser pulse. The sudden increase of the temperature disorders the water 
network decreasing its dipolar contribution to the overall potential drop [25]. The 
sign of this dipolar contribution is mainly determined by the free charge on the 
metal. At potentials lower than the pzfc the net orientation of water molecules is 
with the hydrogens towards the surface and the solvent dipolar contribution is 
positive. In this case, the response obtained from the laser temperature jump is 
a negative potential transient. On the other hand, at potentials higher than the 
pzfc, the surface is positively charged and water dipoles contribute negatively to 
the electrode potential, being mainly oriented with the oxygen towards the surface 
[25-27]. Then, the potential transient obtained in this case is positive. Therefore, 
valuable information about the orientation of water dipoles at the interphase is 
provided by this relaxation technique. The potential at which the laser induced 
transient approaches zero coincides with an initial situation of minimum net 
dipolar contribution equivalent to a maximum disorder of the network of water 
molecules. This potential value is the potential of maximum entropy (pme) which, 
according to the previous discussion, is closely related to the pzfc. The measured 
potential transient contains also dynamic information, and due to the short time 
scale of this experiment, different processes with different rates can be 
decoupled. Usually, the double layer reorganization is almost instantaneous, 
while other processes like hydrogen and anion adsorption/desorption respond 
with lower rates, providing extra information about the metal-solution 
interface[21]. 
In the present work the interface Pt(111) | aqueous solution is studied for the first 
time by the laser temperature jump technique in a wide pH range between 3 and 
6. For that, different mixtures of (0.1-x) M NaF + x M(HClO4) were used to prepare 
the solutions at different pHs. These particular mixtures were selected because 
neither fluoride nor perchlorate anions adsorbs specifically on Pt(111). Results 
obtained are compared with those gained using unbuffered perchlorate solutions.  
 
2. Experimental: 
Before each experiment, the Pt(111) electrode was flame annealed and cooled 
down to room temperature in a reductive atmosphere[28]. For that, a flow of H2 
and Ar in the ratio 1:3 was passed through pure water in a round bottom flask for 
several minutes. The Pt(111) electrode was cooled down in this atmosphere for 
several seconds, contacted with the water in equilibrium with the H2/Ar gas 
mixture and transferred to the working cell protected with a drop of this water. A 
Pd wire, charged with H2, was used as a reference electrode whereas a Pt wire 
was used as a counter electrode. A second Pt wire was required and used as a 
second working electrode in order to carry out the laser temperature-jump 
measurement [22]. The experiments were performed with the Pt(111) electrode 
in the hanging meniscus configuration. 
Cyclic voltammograms were recorded using a -Autolab III potentiostat (Eco-
Chemie, Utrecht, The Netherlands) under the current integration mode.  
The pH values of the different solutions were measured using a PH-basic-20 pH-
meter from Crison coupled with a pH-probe pH 50 12 HACH model. Cross-
checking of pH values using hydrogen evolution reaction was also employed.  
The procedure for recording the laser transients was described in detail 
elsewhere [21, 22]. Before recording the laser transient, several voltammetric 
cycles were recorded to ensure the cleanliness and stability of the system. 
Afterwards, a second auxiliary electrode was connected to be used as an internal 
reference to measure the potential transient. At the beginning, both working and 
the second auxiliary electrode are polarized at the same potential. Approximately 
200 s before firing the laser both electrodes are disconnected from the 
potentiostat. In the absence of faradaic reaction, the potential of the electrode 
should remain at the value previously imposed. Small traces of O2 cause a slow 
drift of the open circuit potential towards the oxide region. However, this drift is 
negligible in the microsecond time scale. Due to the laser irradiation, the 
temperature at the interphase rises 25-50 degrees with in the duration of the 
pulse, 5 ns. However, the temperature drops very fast and after 1 µs the 
remaining temperature change is only ca. 1-2 degrees.  The potential difference 
between both electrodes is measured at open circuit. As the laser pulse only 
affects the single crystal working electrode, the measured potential difference is 
related to the response of such interface. Each experiment is repeated with a 
frequency of 10Hz to ensure that the temperature relaxes to the initial value 
between measurements. The potentiostat is reconnected between successive 
laser pulses to keep the potential at the desired value. In that way 128 or 256 
potential transients are recorded and averaged using a Tektronix Model TDS 
3054B oscilloscope. Finally, after recording all potential transients the cyclic 
voltammetry was registered again to check the stability of the system and 
cleanliness of the interphase. 
The duration of the pulse is 5ns and the laser used is a 532 nm frequency (double 
harmonic) Nd-YAG (Brilliant B from Quantel). A special arrangement of lenses is 
used both to reduce the initial diameter of the laser beam from 6 mm to 4 mm 
and also to direct the laser beam to the cell which is kept in a Faraday box to 
avoid electrical noise during the measurement. The energy density of the laser 
beam is reduced to 10-16 mJ/cm2. The reduction of the energy beam is achieved 
by combining the effect of an attenuator from Newport Corporation (Model M-
935-10) and the regulation of the Q-switch time. The laser energy was measured 
with a pyroelectric sensor head (Model M-935-10). 
 
3. Theoretical considerations: 
As the energy density of the applied laser beam is low enough to avoid the 
damage or the photoemission of electrons from the platinum surface (the work 
function of Pt(111) is ca. 5.9-6.10 e.V [29-32]) it is considered that the only effect 
caused by the laser illumination is a sudden increase of the temperature of the 
interface. The change in the temperature cannot be directly measured due to the 
short time scale of the phenomenon, but it can be estimated by applying a simple 
thermal transfer model, just considering that the non-reflected portion of energy 
is immediately converted into heat[22]: 
Δ𝑇 =
 2𝐼 (1−𝑅)
√𝜋
[
𝑘
√𝞪
+
𝑘1
√∝1
]
−1
(√𝑡 − √𝑡 − 𝑡0)(𝑡 > 𝑡0)  (1) 
Where I (Wcm-2) is the laser intensity, considered spatially uniform, R is the 
reflectivity of the surface, t0 is the duration of the laser pulse, 5ns, and κ (Wcm-
1K-1), α (cm2s-1) and κ1, α1 are the thermal conductivity and the thermal diffusivity 
of the metal and the aqueous solution, respectively.  
For long decaying times (t>>t0) the above expression can be simplified to: 
Δ𝑇 =
1
2
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𝑡0
𝑡
 (2) 
Where 
0T is the maximum temperature change.  The response of the (open 
circuit) potential to the thermal perturbation, under coulostatic conditions, follows 
the change in the temperature. If the reorganization of the interface is faster than 
the time scale of the temperature perturbation and the change of the temperature 
is sufficiently small (this is at t>>t0), the change of the potential will be given by: 
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 (3) 
Where the term (
𝜕𝐸
𝜕𝑇
)
𝑞
is the thermal coefficient of the double layer that can be 
extracted from the slopes of E vs 1/√t (provided Δ𝑇0 is known). 
In addition to the change of potential due to the double layer reorganization, 
another contribution should be added to the equation above, i.e, the potential 
drop caused by the temperature difference that exists between the reference 
electrode and the working electrode. This is called the thermodiffusion potential 
and can be estimated from the Eastman entropies of transport of the different 
ions from the electrolyte[33]: 
Δ𝐸𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛
Δ𝑇
= −
1
𝐹
∑
𝑡𝑖
𝑧𝑖
𝑆𝑖   (4) 
where ti, zi and Si are the transport number, the charge and the Eastman entropy 
of transport of the ion i, respectively.  
As it will be shown later, the potential change due to thermodiffusion phenomena 
is very small and can be neglected in most cases. Thus, we can consider that the 
major contribution to the potential transient comes from the double layer response 
after the laser pulse. 
In those cases where an electrosorption process (hydrogen or anion adsorption) 
can take place, this will be coupled with the change of the potential induced by 
the reordering of water dipoles and normally opposes to it, resulting in a deviation 
from the monotonous decay predicted by equation (3). The rate and direction of 
the adsorption/desorption process will be dominated by the overvoltage:  
𝜂 = 𝐸 − 𝐸𝑒𝑞 = Δ𝐸 − Δ𝐸𝑒𝑞 (5) 
Where E and Eeq represent the difference of the electrode potential and the 
equilibrium potential of the adsorption process, respectively, with the initial 
potential, Ei. At the beginning, before the temperature perturbation, Eeq=0, 
because the system is initially at equilibrium. When the temperature is changed, 
Eeq changes, mainly because the equilibrium depends on the temperature. On 
the other hand, equation (3), representing the change of the potential, should now 
be modified to include also the effect of adsorption: 
Δ𝐸 = (
𝜕𝐸
𝜕𝑇
)
𝑞,𝜃
Δ𝑇 + 𝜈𝑖
𝑞𝑀𝐿
𝐶𝑑𝑙
Δ𝜃 (6) 
where qML is the charge transferred upon the adsorption of a monolayer, Cdl is 
the double layer capacity, is the coverage (of atomic hydrogen or hydroxyl 
species, in the present case) and i is +1 for the reductive adsorption of a cation 
(H+) and -1 for the oxidative adsorption of an anion (OH-). For a positive value of 
the thermal coefficient of the double layer, (
𝜕𝐸
𝜕𝑇
)
𝑞,𝜃
 the change of potential after 
the temperature increase will be initially positive. If Δ𝐸 > Δ𝐸𝑒𝑞 (this will depend 
mainly on the relative values of (
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𝜕𝑇
)
𝑞,𝜃
 and (
𝜕𝐸𝑒𝑞
𝜕𝑇
)
𝜃
 ) coverage will decrease for 
cation and increase for anion adsorption. In both cases the term 𝜈𝑖
𝑞𝑀𝐿
𝐶𝑑𝑙
Δ𝜃 is lower 
than zero, therefore opposing to the initial change due to the dipolar term. A 
similar conclusion is obtained for (
𝜕𝐸
𝜕𝑇
)
𝑞,𝜃
< 0. In this case, 𝜈𝑖
𝑞𝑀𝐿
𝐶𝑑𝑙
Δ𝜃 > 0, again 
opposing to the dipolar contribution. The exact shape of the potential transient 
can be calculated after introducing an equation to account for the kinetics of the 
reaction:  
𝑑𝜃
𝑑𝑡
= 𝑓(𝑇, 𝜃, 𝜂) 
The Butler-Volmer relationship has been previously used for the calculation of the 
laser induced potential transients. For a small temperature perturbation, the 
function f can be linearized and equation (7) can be written as:  
𝑑𝜃
𝑑𝑡
= −𝜈𝑖
𝑗
𝑞𝑀𝐿
= −𝜈𝑖
𝜂
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 (8) 
Where Rct  is the charge transfer resistance for the adsorption/desorption 
process. Under this condition the following equation results:  
Δ𝐸 = (
𝜕𝐸
𝜕𝑇
)
𝑞,𝜃
Δ𝑇 +
𝜉
𝜏
∫ exp
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t
0
 (9) 
Where the first term represents the fast response of the double layer and the 
second term the slow response of an adsorption/desorption process with time 
constant . The proportionality constant for the slow response  is given by:  
𝜉 = −
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And the time constant is related with the charge transfer resistance by: 
𝜏−1 =
1
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(
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For intermediate coverages the term (
𝜕𝐸𝑒𝑞
𝜕𝜃
)
𝑇
is small and 𝜏 ≅ 𝑅𝑐𝑡𝐶𝑑𝑙 
For 𝑡 ≫ 𝜏 equation (9) reduces to:  
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)
𝜃
Δ𝑇 (12) 
In summary, the open circuit potential changes with temperature according to the 
equilibrium potential. On the other hand, when the rate constant of the 
adsorption/desorption process is too small to follow the fast thermal perturbation,  
𝑡 ≪ 𝜏, an effective decoupling of such processes from the double layer response 
is achieved.  
 
4. Results and discussion: 
Figure 1 shows the cyclic voltammetries recorded in (0.1 - x) M NaF + x M HClO4 
mixtures of different pH. The voltammograms are very similar to those recorded 
in 0.1 M HClO4 and in (0.1-x) M KClO4 + x M HClO4 mixtures. Therefore, no 
evidence of fluoride specific anion adsorption is observed, as expected from 
previous literature [16, 34-38]. At low potentials (E<0.4V), hydrogen adsorption 
takes place whereas at higher potentials (E>0.5 V) the voltammogram is 
dominated by hydroxide adsorption. By increasing the pH, the characteristic 
sharp spike around 0.80 V vs RHE decreases progressively in both sharpness 
and intensity while the charge related to the overall hydroxide adsorption region 
increases slightly. These features evidence a strong reorganization of the charge 
located in the interfacial region caused by the pH change. In fact, the cyclic 
voltammogram evolves with increasing pH, approaching the profile recorded in 
alkaline media, where no sharp spike is present [39, 40]. In the potential region 
where hydrogen adsorption takes places, the charge remains almost invariable 
[16] with a value around 150 µCcm-2, slightly lower than the characteristic value 
in 0.1 M HClO4, 160 µCcm-2  . At pH 6 the cyclic voltammogram becomes slightly 
irreversible, especially in the most positive potential region, evidencing that this 
pH value is the upper limit for the buffering capacity of HF/F- mixtures (Figure 
1B,d). It is noteworthy that the current in the double layer region becomes 
remarkably low for the higher pHs investigated. The following can be an 
explanation for the decrease of double layer current: the small broad peak 
observed in pH 3 around 500mV vs RHE (i.e., in the double layer region), does 
not shift with pH, while hydrogen and hydroxyl adsorption currents shift nearly 59 
mV/pH unit as predicted by Nernst law. At pH 6 the broad peak, previously in the 
double layer region, is completely coupled within the hydroxyl region and 
therefore is not visible anymore. The displacement of this feature outside the 
double layer region is most likely the reason for the significant decrease of the 
double layer current. 
Figure 2 contains the laser transients obtained for Pt(111) in contact with (0.1- x) 
M NaF + x M HClO4 aqueous solutions, at four pH values. At low enough applied 
potentials, the transients measured are, in all the cases, negative, (
𝜕𝐸
𝜕𝑇
)
𝑞,𝜃
< 0, 
and monotonically relax to zero with time. The transients recorded within the 
potential region where hydrogen adsorption/desorption takes place show only the 
negative and fast response expected from the disordering of the double layer. 
Only at pH 3, the potential transient at low potential values (Figure 2A,a, in red) 
shows a small contribution from the hydrogen adsorption/desorption process, 
evidenced as a deviation from the monotonous decay predicted by equation (3). 
This slow contribution is completely suppressed at higher pHs [21], i.e by 
decreasing the bulk protons concentration. When the applied potential is 
increased, the magnitude of the transient decreases and its sign eventually turns 
positive, (
𝜕𝐸
𝜕𝑇
)
𝑞,𝜃
> 0, pointing out that the change in the orientation of the water 
molecules has taken place. At the particular potential where the transient 
approaches to zero, (
𝜕𝐸
𝜕𝑇
)
𝑞,𝜃
= 0, the net orientation of the water molecules is 
negligible, indicating the location of the pme. 
Figure 3 shows the laser transients recorded at more positive potentials, in the 
potential region dominated by hydroxide adsorption [40, 41]. At those potentials, 
the transients are non-monotonous, with an initial positive fast response followed 
by a negative, slower contribution, which finally relaxes to zero. As the potential 
of the experiment is increased, the negative contribution becomes more 
prominent, turning completely negative at the highest potential range, where the 
surface is covered by oxide [42]. This bipolar behaviour evidences that at least 
two processes with different time constants are sensitive to the temperature 
perturbation, overlapping in the overall laser response. It must be highlighted that 
the bipolar behaviour observed in NaF+HClO4 mixtures is not observed in non-
buffered perchlorate solutions of pH>3, as it was previously reported [26].  
The experiment shown in figure 4 illustrates this point. Figure 4A compares the 
cyclic voltammetries of Pt(111) in contact with a solution resulting from a mixture 
of (0.1-x)M NaF+ xM HClO4  (x=0.03, pH 3.2), and a solution composed by 0.1M 
KClO4 +0.001M HClO4, of similar pH. As it can be seen, both cyclic voltammetries 
are essentially the same, just evidencing that neither fluoride nor perchlorate 
adsorb specifically on Pt(111). However, the laser transients recorded in the high 
potential region for the 0.1M KClO4 + 0.001M HClO4 solution differ from those 
recorded in the NaF +HClO4 solution of the same pH. In the low potential region, 
e.g. below the pme, the transients are essentially identical (Figure 4B). However, 
at more positive potentials, above the pme, the transients recorded in the 
absence of fluoride are higher in magnitude and show only a positive response 
with a monotonous decay following the temperature relaxation after the laser 
pulse. Only at the most positive potential, 1.0 V RHE, i.e, well above the hydroxyl 
adsorption region [40, 41], the transient changes its sign. It should be pointed out 
that  some slow negative contribution was previously observed in this potential 
region at pH=1 (0.1 M HClO4) and attributed to the participation of the OH 
adsorption/desorption reaction on the transient response [26]. The rate of this 
reaction would decrease with the increase of the pH and would be almost 
negligible at pH=4. On the other hand, the laser induced potential transients 
recorded in the solution that contains fluoride anions (Figure 3) show a non-
monotonous decay, as discussed previously, that start with a fast positive 
response, followed by a slower negative contribution. The influence of the 
presence of fluoride on the shape of the transients varies with pH. At pH around 
5, (Figure 3C) the magnitude of the slower component of the response start to 
decrease and becomes almost negligible at pH close to 6 (Figure 3D). This is the 
same trend observed in (0.1-x) M KClO4 + x M HClO4 solutions but in a shifted 
pH range.  
The observation of a slow response even at pH=5 in solutions containing mixtures 
of NaF and HClO4, could be interpreted as a catalytic effect on the rate of OH 
adsorption due to the presence of fluoride even although this anion does not 
adsorb on the surface. Incidentally, in previous work [43] it was shown that the 
presence of some anions at very low concentration exert important changes in 
the voltammetric profile in the hydroxyl adsorption region. Such effect was 
rationalized considering the capacity of some anions to induce water ordering 
whereas other anions cause disordering in the structure of water [44, 45]. Thus, 
the type of anion present in the electrolyte could have a great influence in the 
interfacial properties of Metal|Solution interfaces even in the absence of 
adsorption [46]. In particular, fluoride is an anion expected to favour the formation 
of structured water [35, 43].  
In order to investigate in more detail the possible role of the pair HF/F on the 
structure of the double layer, different solutions at pH 4 were prepared varying 
the concentration of the buffer NaF+HClO4, and adjusting the ionic strength to 
0.1M with KClO4 (a possible cation effect is neglected in the potential region of 
interest, i.e potentials positive to the pztc and absence of specific anion 
adsorption). Although the buffer capacity changes, the small amount of protons 
involved in the adsorption processes will presumably not modify the interfacial pH 
value. The pH was fixed to 4 (by adding the proper amount of HClO4) since this 
pH showed the greatest influence from HF/F- to the laser response (see Figure 
3B). Figure 5 contains the cyclic voltammetry for three different buffer 
concentration solutions: (0.1-x) M KClO4 + x M NaF/HClO4 buffer where x= 0.05 
, 0.02 , 0.01 respectively.  As expected, the cyclic voltammograms overlap quite 
well in the overall potential window under scope not showing any voltammetric 
feature related with the losing of buffering capacity. Interestingly, the response to 
the laser heating differs for each buffer solution, showing a clear trend with the 
decrease of total HF/F- concentration. Figure 6 (A,B and C) contains the laser 
transients at three potential values recorded in the hydroxyl potential region: 
700mV, 800mV and 900mV vs RHE, for the three buffer concentrations 
employed.  Comparison of these potential transient clearly shows that the 
negative response becomes slower as the total concentration of HF + F- 
decreases. At 0.05M NaF/HClO4 buffer (Figure 6A) the E vs t transient still 
shows contributions from the fluoride presence, but those become almost 
negligible, employing the same time scale, for the 0.01M NaF/HClO4 buffer 
concentration (Figure 6C). At this concentration, the laser transients have 
increased in magnitude and show only the fastest double layer reorganization 
response. Hence, the bipolar response seems to follow the kinetics of a process 
that could be regulated by the presence of HF/F- species. Finally, figure 6D 
contains the whole group of laser transients for the solution 0.09M KClO4 plus 
0.01M NaF/HClO4 buffer, including low potentials. The bipolar response at 
potentials above the pme was completely decoupled thus enabling the 
straightforward analysis of such transients. 
At this stage it is still unclear the nature of the negative slow response induced 
by the presence of the pair HF/F-. In the following, we attempt to analyse the 
transients under the light of the model described previously (equations (5) to (12)
).  Although this model does not describe quantitatively all the features of the 
potential transients it can be used to qualitatively justify some of the trends. In 
this framework, the slower and more negative response at potentials above the 
pme, can be tentatively assigned to the effect of hydroxyl adsorption on the 
potential transient limited by the kinetics of the reaction, as it was proposed for 
HClO4+KClO4 mixtures[26]: 
2H2O +Pt  ⥧  Pt-OH + H3O+ + e(Pt)  
Accordingly, the bipolar transient can be understood in the following way: since 
the potential of the experiment is higher than the pme, the dipolar contribution is 
negative and the initial part of the laser transient will be positive. At very short 
times, the increase of the electrode potential due to the temperature perturbation 
shifts the OH adsorption/desorption equilibrium forcing an increase of its 
coverage. Such adsorption releases electrons to the surface causing a decrease 
in the electrode potential, therefore opposing to the contribution from the 
disordering of the solvent dipolar layer. This equilibrium would be too slow to be 
observed in the time scale displayed in non-buffered perchlorate containing 
solution, above pH 3. In NaF+HClO4 solutions, however, the electrolyte seems to 
affect this process, increasing its rate. This could be due to the kosmotropic 
(structure making) effect of F- . The changes in the relative magnitude of the two 
peaks that conform the butterfly shape of the hydroxyl region in the 
voltammogram could be reflecting the effect of fluoride on the ratio between free 
and structured interfacial water. 
To simulate the potential transients with equations (5) to (12) some parameters 
are necessary that can be obtained from the application of a Frumkin isotherm. 
Figure 7 compares the cyclic voltammogram recorded in pH=4 in the region of 
hydroxyl adsorption with the simulation of an adsorption process controlled by  a 
Frumkin isotherm using the parameters indicated in table 1. While this 
oversimplified isotherm is not able to describe all the features observed in the 
voltammogram, it gives an overall picture of the process sufficient enough to 
describe the main trends observed in the laser induced transients. Additional 
information to apply equations (5) to (12) is the variation of some of these 
parameters with the temperature. Unfortunately, such information is not available 
for the range of pHs studied in this work, and it is only available for pH 1 [47]. On 
the other hand, the number of parameters for the simulation is too large to allow 
obtaining these by fitting experimental data. For that reason, the strategy followed 
has been the following: starting with the parameters (S0 and d/dT) reported for 
pH=1, these have been slightly adjusted until good similarity with the laser 
potential transient measured at 0.75 V in pH=4 is attained. Then, with these 
parameters fixed, the pH in the simulation has been varied to see the effect 
predicted by this model on the potential transients (at constant potential). The 
results are shown in figure 8, where experimental and simulated transients are 
compared. Observation of figure 8B reveals that the model allows qualitative 
explanation of some trends, but not all of them. First, as previously discussed, 
equation (12), the sign of the transient at long times is representative of the 
contribution (
𝜕𝐸𝑒𝑞
𝜕𝑇
)
𝜃
which is related with the values of S0 and d/dT . In this 
respect, the fact that the trend observed at long times can be reproduced by using 
values of the parameters close to the experimental values measured at pH=1 
gives validity to the model. The model also reproduces the increase of the time 
constant as the pH increases, resulting in the decrease of the magnitude of the 
negative contribution. However, this decrease is more intense in the experimental 
results than on the simulation. This discrepancy can be due to the fact that the 
model does not consider the limited diffusion of species from the bulk to the 
surface or the effect of acid / base equilibrium in the species of the buffer near 
the surface, which will be also affected by the distance to the electrode [48, 49].  
The most important discrepancy between the experimental and simulated 
transients is observed at the more acidic pH. While the model predicts a 
continuous decrease of the time constant of the slow response (i.e., an increase 
of the magnitude of the negative contribution), the experiment shows that the time 
constant decreases (the negative part becomes faster) from pH 5.7 to 4.2 but 
increases (becomes slower) again at pH=3.2. This trend can be related with the 
acid-base equilibrium between HF and F-. As the pH approaches the pKa of HF, 
the concentration of F- decreases and the concentration of HF increases. It is 
possible that the catalytic species for the reaction is the deprotonated form, F- 
and decreasing its concentration increases the time constant of the process. 
There is one aspect of the experimental results that cannot be explained with the 
previous model. At very positive potentials the transients turn completely 
negative. The model postulated above explains the negative contribution as the 
result of the increase of OH coverage associated to the change of the potential 
induced by the laser. However, at potentials above the so-called butterfly feature, 
the OH adlayer is completed and no change of the coverage is induced by the 
change of the potential. To illustrate this point, figure 9 shows calculated potential 
transients using the same parameters used to calculate the transients in figure 8, 
but varying the electrode potential. It is clear that, as the potential increases, the 
negative contribution to the potential transient decreases, in contradiction with 
the experimental result, but in accordance with the intuitive explanation above. 
Therefore, an additional reason is required to explain the negative transient at 
very high potentials. This could be related with the superequivalent adsorption of 
anions (OH) that would screen the electrode charge in such a way that water 
dipoles are affected by an effective negative charge even although the charge on 
the metal is positive. Similar trend was also observed for the adsorption of sulfate 
anions on Pt(111) and Au(111)[21, 22]. 
Once the nature of negative contribution has been tentatively explained we turn 
again our attention towards the determination of the pme. This parameter can be 
obtained more clearly in the solutions with lower HF/F- concentration to avoid the 
interference of the slow response, as discussed above. Under these conditions, 
there is an effective decoupling of the double layer response from the adsorption 
processes. From the laser transients recorded at different applied potentials, the 
temperature coefficient of the double layer can be calculated by plotting the E 
vs √t (Figure 10). From the slopes of the plots E vs √t the values of the coefficient 
(
𝜕𝐸
𝜕𝑇
)
𝑞,𝜃
 are calculated following equation (3). Plotting the values of this coefficient 
as a function of the potential allows an easy determination of the pme. Strictly 
speaking, the temperature coefficient estimated as indicated above needs a 
correction from thermodiffusion that, as it was explained in the preliminary 
section, it is estimated through the Eastman entropies of transports of the ions 
resulting from the electrolyte. Table 2 contains the Eastman entropies for each 
ion whereas table 3 contains the EThermodiffusion/T in every case. Those values 
are very small, almost negligible, so the main contribution to the change of the 
potential comes from the double layer reorganization. Figure 11 represents the 
plots of (
𝜕𝐸
𝜕𝑇
)
𝑞,𝜃
  vs the applied potential in the SHE scale at pH values ranging 
from 3 to 6, with and without the thermodiffusion correction: it can be seen that 
both values nearly overlap. In all the cases the coefficient approaches to cero 
around 300 mV vs SHE, just indicating that the pme would remain constant in the 
whole pH scale from 3 to 6.  That agrees with previous estimations of the pzfc 
from CO displacement technique[16]. 
To finish this discussion, the pme values from (0.1-x)M NaF + xM HClO4 buffer 
solutions calculated as indicated above were plotted vs the measured pH  (Figure 
12). This plot also contains the pme calculated from the solutions 0.09M KClO4 + 
0.01M NaF/HClO4 buffer (open symbols). The dashed line represents a slope of 
59mV/decade. From this figure it can be clearly seen that the pme moves around 
59 mV per pH unit, in the RHE scale, while it is constant in the SHE scale. The 
linear trend in the RHE scale fits quite well the experimental data for pH > 5. 
However, for lower pHs, there is a small deviation. This deviation could be related 
to the difficulty associated to the interference of the slow response associated to 
the presence of HF/F, as described above.  This interference could falsely shift 
the pme slightly, even when the concentration of the buffer is decreased, showing 
in this case a little improvement. In conclusion, apart from this small uncertainty, 
the pme values approach approximately to 300mV vs SHE and remains almost 
constant in the whole acidic pH range up to pH 6. Conversely, the pme of other 
platinum surfaces, lies in the hydrogen adsorption/desorption region and change 
with pH, suggesting that the pzfc also changes with pH in this case[26]. A 
thermodynamic analysis [17] relates the variation of pzfc with pH when this one 
falls within the hydrogen region, according to the following expression:  
(
𝜕𝐸
𝜕𝜇𝐻+
)
𝜎=0,𝜇𝑠𝑎𝑙𝑡
=
1
𝐹
1
1−
1
𝐹
(
𝜕𝜎
𝜕Γ𝐻
)
𝐸𝑟,𝜇𝑠𝑎𝑙𝑡
  (13) 
According to this expression, if hydrogen adsorption does not involve change in 
the free charge, (
𝜕𝜎
𝜕ΓH
) = 0 and the shift with the pH will be 59 mV/decade. 
However, when the pzfc lies in the double layer region , (
𝜕𝜎
𝜕Γ
) = ∞ and the pzfc is 
independent of pH.  
 
 
5. CONCLUSIONS: 
The interface Pt(111) in contact with aqueous solution was investigated in a wide 
pH range. The usefulness of the buffer HClO4/NaF to study the interface Pt(111) 
| aqueous solution by using the laser induced temperature jump method was 
demonstrated. Such mixtures offer sufficient buffer capacity without interference 
of specific anion adsorption, allowing extending the pH range of these studies 
from pH 3 to pH 6, closer to bulk neutrality. The pme estimated was located near 
to 300mV vs SHE in agreement with previous work made by García-Araez et. 
al.[26]Those results suggest that the pzfc remains constant in the SHE scale 
being non-pH dependent, while the adsorption features that dominate the cyclic 
voltammetry shifts 59V per pH unit.  
A strong structural effect from the species of the electrolyte was observed, 
evidenced through the bipolar behaviour that the laser induced potential 
transients displays at more positive potentials. This particular behaviour was 
mainly assigned to the effect of fluoride, and its conjugated acid HF, on the 
structure of water at the interphase. Such effect would result in a catalysis of the 
OH adsorption process.  Therefore, this system is an example of how the nature 
of the species of the electrolyte influences the interfacial properties and can affect 
the rate of the processes that take place in it. More work is needed in order to 
better understand this phenomenon.  
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 Figure 1: Cyclic voltammogram of Pt(111) in (0.1-x)M NaF + xM HClO4 mixtures of different 
pH. A) At pH ca. 3.20 (solid line) and 5.70 (dashed line) in the RHE scale. Scan rate: 50mV/s B) 
At pH ca.: a) 3.20 (x=0.03), b) 4.15 (x=0.01), c) 4.85 (x=0.001), d) 5,70(x=0.0001) in the SHE 
scale. Scan rate: 50mV/s 
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 Figure 2: Laser-induced potential transients for Pt(111) in (0.1-x)M NaF + xM HClO4 at mainly 
low applied potentials: 
A) pH=3.2 (3): a) 150mV, b) 400mV, c) 450mV, d) 500mV, e) 550mV,  
B) pH= 4.2 (4): a)150mV, b) .450mV, c) 530mV d) 570mV and e) 600mV,  
C) pH=4.7 (5): a) 150mV, b) 450mV, c) 500mV, d) 550mV, e) 600mV  and f) 700mV  
 D) pH=5.70 (6): a) 150mV, b) 500mV, c) 550mV, d) 600mV, e) 640mV, f) 650mV, g) 700mV and 
h) 750mV. 
 Energy beam: 1.5-1.8mJ. All given potentials are referenced to the RHE scale 
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 Figure 3: Laser-induced potential transients for Pt(111) in (0.1-x) M NaF + xM HClO4 at positive 
applied potentials.  
A) pH=3.20 (3): a)650m V, b) 750mV and c) 900mV, 
 B) pH= 4.20 (4): a)700V, b)750V and c) 800V  
C) pH=4.7 (5): a)750mV, b) 900mV, c) 950mV 
and D) pH=5.7 (6), a) 750mV, b) 900mV, c) 950mV   
Energy beam: 1.5-1.8mJ. All given potentials are referenced to the RHE scale 
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 Figure 4: A) Cyclic voltammograms of Pt(111) in 0.1M KClO4 + 1mM HClO4 (solid line) and  
(0.1-x) M NaF + xM  HClO4, (dashed line), x= 0.03,  pH≈3.20 
Laser-induced potential transients (vs SHE) for Pt(111) in 0.1M KClO4+ 1mM HClO4.  
B) a)150mV, b) 400mV, c) 450mV, d) 500mV, e) 550mV and f) 600mV  
C) a)700mV, b) .800mV, c) 900mV and d) 1000mV 
Energy beam: 1.70mJ. All given potentials are in the RHE scale. 
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 Figure 5: Cyclic voltammogram of Pt(111) in (0.1-x)M KClO4 + xM NaF/HClO4 buffer, pH=4, 
at three different buffer concentrations: dashed line) 0.05M, solid line) 0.02M and dotted line) 
0.01M 
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Figure 6:Potential laser transients at the applied potentials: 700mV, 800mV and 900mV, 
respectively, for the solutions (0.1-x)M KClO4 + xM NaF/HClO4 buffer, pH4, at three different 
buffer concentrations. 
A) 0.05M KClO4 + 0.05M NaF+0.005M HClO4  
B) 0.08M KClO4 + 0.02M NaF+0.002M HClO4  
C) 0.09M KClO4 + 0.01M NaF+0.001M HClO4  
D)  Potential laser transients for the buffer solution:  0.09M KClO4 +0.01M NaF/ HClO4 
buffer at different applied potentials: a) 150mV, b)400mV, c) 500mV, d) 550mV, e) 
600mV, f) 700mV. 
Energy beam: 1.8mJ. All given potentials are referenced to RHE scale. 
  
0 2 4 6 8
-2
0
2
4
6

E
 /
 m
V
t / st / s
A B
 

E
 /
 m
V
t / s
0 2 4 6 8
-2
0
2
4
6
8
10
 
 
0 2 4 6 8
-2
0
2
4
6
8
10
12
  
 
 
C
0 1 2 3
-12
-8
-4
0
4
8
f)
 
 
t / s
D
a)
  
 
Figure 7: Comparison between experimental (solid line) voltammogram recorded at pH=4 and 
that simulated (dashed line) using a Frumkin isotherm with the parameters indicated in Table 1. 
Scan rate: 50mV/s 
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Figure 8: Comparison of experimental and simulated laser potential transients at different pH, 
as labelled in the figure, recorded at 0.75 V RHE. Laser intensity 1.7 mJ/pulse. In addition to the 
parameters indicated in table 1, the following parameters have been used for the simulation: 
(
𝜕𝐸
𝜕𝑇
)
𝑞,𝜃
= 0.21𝑚𝑉 𝐾−1, log k0/s-1=6.25 
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Figure 9: Simulated potential transients calculated with the same parameters as those used for 
figure 8 but varying the electrode potential, as labelled in the figure.  
 
Figure10: 
Change in the potential vs the inverse of the square root of the time for A) pH 3.35, from 400mV 
to 600mV vs SHE, B) pH 5.70 from 150V to 850mV vs RHE  
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Figure 11:  
Temperature coefficient of the double layer potential with (close symbols) and without (open 
symbols) the thermodifussion correction for Pt(111) in (0.1-x)M NaF + xM HClO4:  a) pH=3,20, 
b) pH=4,20, c)pH=4,65 and d) pH = 5.70. 
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Figure 12: Plot of the pme values calculated at different pH at both RHE (squares) and SHE 
(triangles) scale. The dashed and dashed dotted lines corresponds to slopes of 59 and 0 
mV/decade, respectively. assuming the pme is 305mV vs SHE. The closed symbols corresponds 
to buffer solutions of (0.1-x)M NaF + xM HClO4 whereas open symbols are the pme calculated 
from the buffer solution  0.09M KClO4 + 0.01M NaF/HClO4.  
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this 
work 
1 0.683 13.3 110 -96.7 -117 [47] 
 
Table 1: parameters resulting from the fit of a Frumkin isotherm to the cyclic voltammetry data. 
avalues estimated from the fit of laser induced potential transients.  
 
Ion S / J mol-1 K-1 
OH- 53.90 
Na+ 7.14 
ClO4- -3.10 
F- 11.50 
H+ 39.39 
K+ 4.4 
 
Table 2: Ionic Entropies of Transport of Selected Ions from Ref[33] 
  
  
(0.1-x) M NaF + xM HClO4 
Ph EThermodifusion / T] / mVK-1 
3 -0.031 
4 0.018 
5 0.026 
6 0.027 
(0.1-x)M KClO4 + xM NaF/HClO4 buffer (pH=4) 
Solution EThermodifusion / T] / mVK-1 
0.05M KClO4 + 0.05M NaF/HClO4 -0.016 
0.08M KClO4 + 0.02M NaF/HClO4 -0.031 
0.09M KClO4 + 0.01M NaF/HClO4 -0.036 
 
Table 3 : Contribution of the thermodiffusion potentials to the overall thermal coefficient of the 
potential drop for the different solutions employed in this work, calculated using the transport 
numbers obtained from the ionic mobilities at infinite dilution[50]  
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